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Abstract
Helical coil springs are used in many mechanical design applications including industrial
machines, devices, and vehicle suspension systems. It is desirable to minimize the weight of
vehicle suspension systems as this can improve performance and handling. Most vehicle
suspension coil springs are made from solid steel alloys or other metallic materials. Significant
weight savings could be achieved if the metallic material were replaced by high performance
fiber reinforced polymer composites. However, the coil spring geometry is a difficult
manufacturing challenge for composite materials. The goal of this thesis was to investigate
efficient and low-cost manufacturing methods to produce light-weight polymer composite
springs. Theoretical analysis of carbon fiber-epoxy helical springs was performed to demonstrate
that suitable spring performance characteristics could be achieved at a reduced weight compared
to steel springs. Multiple manufacturing approaches were attempted to determine a method to
effectively produce a helical carbon fiber spring. These processes involve producing a mandrel
that acts as an internal tool to lay-up the fiber reinforcement, infuse the epoxy resin, and cure the
composite part. Three complete composite springs were fabricated. The springs were initially
tested in quasistatic compression to determine the effective spring constant and to determine the
reproducibility of these properties between different manufacturing cycles. Compressive fatigue
experiments were performed up to 162 cycles to determine if there would be any change in
properties. There was a 1% change in spring length and 7% change in spring constant after 167
cycles of loading. The mean spring constant after cycling for the three springs was 221.9 N/cm
(126.7 lb/in) with a variance of 1.15 N/cm (0.65 lb/in). The composite springs had a weight
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reduction of 73.13% when comparing the weight per length to a steel equivalent. Theoretical
predictions of the spring constant were accurate to 2% of the experimental results.
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1. Introduction
1.1 Mechanical Springs
Springs are used in many applications in many fields, ranging from production machines to
spacecraft. They can be greatly summarized into several broad categories: torsion bar springs,
helical coil springs for tension and compression, beam springs for flexure (including leaf
springs), helical and spiral torsion springs, and then many different miscellaneous and specialty
springs. Springs are designed to deform elastically while applying forces or torques and
absorbing stored energy which is usually returned in a different phase of the load and motion
cycle [1]. Each type has its usage range and are generally made of steel or steel alloys.

Recently there has been interest in using composite structures for spring applications because of
the weight saving possibility. Normally composite structures are known for their high stiffnessto-weight and strength-to-weight ratios [2,]. This high rigidity could lead to stiffer springs that
require less material than that of a steel counterpart. Leaf and beam springs have been one
application where polymer composites have been widely utilized. The composites for these
springs are typically made from fiberglass or carbon fiber reinforcement in an epoxy or vinyl
ester resin. These were designed for performance production cars, using the beneficial bending
properties that can be gained from using composite structures [3]. Leaf springs of this nature
have become successful enough to have a place in the consumer market to replace steel springs
like the ones provided by Hyperco for Corvettes as shown in Figure 1.1 [4].
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Figure 1.1: Example of Composite Leaf Spring [4]

1.2 Helical Coil Springs in the Automotive Industry
In many vehicle suspension applications, the leaf spring has been replaced with a more compact
helical coil spring. These springs have become the dominant compression spring type in
automotive and aerospace applications due to compact size per force output. Coil springs for an
automotive suspension application, can be broad topic narrowed by the theme of the automotive
application. The two main categories that are looked at within automotive is on-road and offroad applications. On road applications tend to favor smaller spring travel with higher spring
force, while the opposite is true for off road applications, where high travel with a lower spring
rate is preferred. These are driven by the feel that the driver would want and the types of
obstacles that would be encountered. For the focus of this research the intent is to create a
replacement of a steel spring for a Baja SAE event style vehicle. These vehicles are low
horsepower, single person vehicles that can move at speeds up to 64.4 km/h (40 mph). These
vehicles weigh approximately 168 kg (370 lb) and are tackling terrain causing suspension to
2

travel in excess of 30.5 cm (12 in) regularly. These types of vehicles generally use a coil over
shock and spring system, Figure 1.2.

Figure 1.2 UNLV SAE Baja Custom Coil Over Shock and Spring

This setup utilizes a dual spring configuration allowing for a variable spring rate that changes
after a certain amount of suspension travel is achieved. The system in Figure 1.2 uses a 322
N/cm (185 lb/in) spring on the lower end and a 10.5 N/cm (60 lb/in) on top, allowing a softer
spring rate until the upper spring hits its bump stop in which the active spring rate becomes the
322 N/cm (185 lb/in) rate. This spring system, paired with a custom tuned internal bypass shock
allows for specific control of suspension behavior. With these vehicles being light weight,
decisions that pertain to vehicle weight are critical for every component on them. For springs
there are three main types of materials the springs can made of to maintain performance; carbon
steel, alloy steel, and titanium [1, 5]. The more exotic titanium material has reduced weight
benefits, but cost more than the alternatives, $50 per spring for carbon steel to $1500 for a
titanium alternative. These springs are selected for the spring rates they can produce, weight, and
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cost. Other variables such as fatigue life, creep behavior, and yield limits are rarely reached in
these types of applications.

Pawar and Desale optimized a metallic coil spring for a three-wheeled vehicle front suspension
system [6]. They used a high carbon spring steel wire, IS 4454. Finite element analysis of spring
performance was compared to experimental data with four different prototype geometries.
Experimental and computational results were in good agreement, and they were able use this
combined evaluation method to reduce weight by 10 %, increase load carrying capacity by 7 %,
and improve the handling characteristics of the vehicle.

Several researchers explored the performance characteristics of hollow metallic helical coil
springs. Saraswat, et al., compared the compressive deflection characteristics of solid and hollow
stainless steel coil horn springs [7]. The solid and hollow springs were designed to have the same
mass, length, mean diameter, and pitch. The inner and outer hollow wire diameters were selected
to match the volume of the solid wire. They found that the hollow spring had a spring constant,
k, that was 3.1 times higher than the spring constant for the solid spring, while both had the same
mass. Gupta, et al., compared the performance of solid and hollow springs made from two
different materials, SS 304, and ASTM A231 [8]. In their study, they kept the following
variables constant: applied load, mean diameter of spring, number of coils, and spring length.
They selected hollow dimensions to achieve a weight reduction. For the stainless steel, SS 304,
they achieved a 23 % weight reduction with only a 4.8 % loss of spring constant and a 5.3 %
increase in maximum shear stress in the spring wire. For the ASTM A231 material, they
achieved a 23 % weight reduction with only a 4.4 % loss of spring constant and a 5.7 % increase
4

in maximum shear stress in the spring wire. Their conclusion was that it was possible to design a
hollow spring with significantly lower weight than a solid spring while maintaining similar
stiffness and strength.

1.3 Composite Springs
The General Motors Corporation introduced the first automotive production composite structural
part with the composite leaf springs in the 1981 Corvette [9]. This was a single leaf E-glass fiber
reinforced epoxy spring that replaced a 10-leaf metallic spring. The composite spring weighed
35.6 N (8 lb), the metallic spring system weighed 182 N (41 lb), for an overall weight savings of
80%. The relatively flat nature of this spring made it an ideal structure for a composite
replacement component. Flat structures are relatively easy to manufacture from composites. The
flexural stiffness could be optimized by using a predominantly unidirectional layup which
maximizes the benefit of the high stiffness and strength of the fibers in their longitudinal
direction.

It has been more difficult to take advantage of the benefits of composite materials in coil spring
applications. The geometry is much more complex making the composite coil spring difficult to
manufacture. The primary deformation mode of coil springs is in shear because of the torque and
transverse force loading across the coil wire. There are still stiffness and strength benefits from a
composite coil spring design for this case, especially when looking at stiffness and strength to
weight ratios, but the improvements may not be as dramatic as they were for the leaf spring
application.

5

Kara provided an overview of composite coil spring research work in a review paper published
in 2017 [10]. It was noted that there is limited published work in the open literature on this topic.
A total of 21 publications were reviewed but several of these were general mechanical spring
design or composite material references. Of the publications reviewed, the benefits of a
composite helical spring are shown to be apparent with weight savings from 40% to 55%
compared to steel equivalents, depending on the composite material and design. Carbon fiber
being the dominant choice of fiber due to it higher spring rates. The drawback concluded
between the publications reviewed is the additional cost of the composite springs in comparison
to steel. Some rationalize the cost difference is made up by the savings in fuel that it would
provide in an automotive application.

Ke, et al., also published a review paper in 2020, investigating the feasibility of the design and
manufacturing process for polymer composite helical springs [11]. Their review effort identified
63 sources which included topics such as material selection, spring component design, spring
performance, optimization, and manufacturing methods. Evaluating the sources together it was
concluded carbon fiber is the optimal material to use when trying to obtain higher stiffness and
strength, but the cost can be reduced with the combined use of fiber glass in the design. Various
types of manufacturing were explored, ranging from pre impregnated laminated formed on to a
mold, to resin infusion processed within an oven, giving insight of consistency and reliability of
each these approaches.

Chiu, et al., experimentally investigated the performance of helical composite springs [12]. They
studied four different types of helical composite springs including unidirectional laminates with
6

and without a rubber core, and unidirectional laminates with a braided outer layer, and with and
without a rubber core. It was found that the braided layer increased the spring rate by 18% when
compared to the specimen with rubber core and unidirectional laminates. The final specimen
combined the rubber core with the external braided carbon fiber to produce a result that had
mechanical properties, that surpassed all the other specimen type in spring rate and failure
loading. The manufacturing method utilized to produce the specimens is unique using resin
impregnated material to provided consistent fiber density throughout the specimens during
fabrication.

Bakhshesh and Bakhshesh performed a computational study to consider the replacement of a
traditional steel helical spring with an optimized composite design [13]. Comparing a steel spring
with a solid equivalent of fiber glass, Kevlar, and carbon fiber, all were found to be stiffer than
the steel. Of these, the carbon fiber had the highest stiffness, while also being the lightest in the
comparison. Due to the increased stiffness found in the carbon fiber it also sees the highest shear
stress when loaded, taking advantage of correct fiber angle, the stresses seen can be reduced by
14%.

Sreenivasan, et al., compared the effect of different composite fiber reinforcements for a
motorcycle coil spring suspension system application [14]. The spring length, coil diameter, wire
inner and outer diameters, pitch, and number of active spring coils were held constant. They
computationally evaluated deformation and maximum stresses in the coil springs. They
concluded that E-glass fiber reinforcement was better than carbon fiber or Kevlar fiber for this
specific motorcycle application.
7

With the composites industry becoming more mature and relevant, there have been a few
ventures into replacing steel compression springs with composites counterparts. Hyperco is one
of the companies that has pursued this goal but deemed a helical spring “does not perform well
when placed in torsion” [15]. Hyperco instead went in the direction of bellow springs, cup
shaped bellows that flex in compression. These cups are woven, or stacked sheets of carbon fiber
reinforced polymer, molded to the cup shape, and a hole cut into the center.

These springs provide a great amount of design flexibility. It is easy to modify spring rates and
performance by changing how the cups are stacked. These springs allow for a high force to
displacement output but are unable to match the displacement requirements seen in some steel
helical spring applications [16]. A replacement for a high travel spring that has a large difference
between free length and coil bind has not been produced publicly with data supporting its design.

Foard, et al., investigate the manufacturing, analysis, and design of polymer composite Belleville
springs for automotive applications [17]. The Belleville springs are similar to the bellows spring
described previously and are shown schematically in Figure 1.3. Utilizing the beneficial bending
properties of carbon fiber laminates to create a stackable spring to be used in automotive
applications. Manufacturing the spring in a two-piece compression mold, forming unidirectional
sheets of pre impregnated carbon fiber, consistent results from the specimen are observed.
Focused on vehicle performance, different designs can be stacked to generate a variable spring
rate, improving the frequency dependent performance with contact force variation and vehicle
acceleration.
8

Figure 1.3: Various Configurations of Generic Belleville Disc Spring Washers

1.4 Torsion and Shear Loading of Composite Laminates and Structures
Helical coil spring deformation and stresses are primarily caused by torsion and transverse shear
forces in the coil cross-section. Therefore, it is relevant to explore the material properties and
performance of other non-spring composite structures loaded in torsion and/or shear. Information
on composite tube design, torsional ability, fatigue behavior, and mechanical properties are of
interest. Multiple examples of composite products handling high torque are available. Products
such as performance driveshafts from QA1 are publicly available and designed to handle up to
1355 N-m (1000 ft-lb) of torque [18]. Research into torsional strength of composites returned
quite a few mixed results from studies. The shear modulus of a composite material is difficult to
measure experimentally so there is less published data. Most of the published shear property data
is obtained from performing experiments on carefully design flat laminates with in-plane
loading. Most torsional applications of composite structures are designed around fiber angle,
generated by winding the fiber along a shaft. This is done to optimize strength in the direction
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where force and strength are needed and using less material in fiber directions that are not
relevant [2]. For the use of a helical spring this process would not be possible due to the shape of
the design, requiring materials like that of a braided sleeve. Published research involving braided
composite tube mechanical properties is uncommon. The reported properties on torsion tubular
structures varies widely because there can be variations in fiber angle and fiber volume fraction,
depending on the manufacturing method and materials. In some published cases, the results of
the research is focused on failure modes and comparison of materials. Experimental elastic
properties are not always provided in papers focused on structural component performance
because they are difficult to measure in a component test.

Composite design theory indicates that a 45º alternating fiber orientation is the best for torsional
applications [2]. This was experimentally verified by Jin, et al., as multiple braid directions and
types were tested against each other [19]. Unfortunately, the data was grouped by fiber weave
type and direction between different materials when the data was presented, avoiding giving data
on specific specimens that were of interest.

Eksi and Genel compare experimentally determined mechanical properties for unidirectional and
woven composites made from aramid, glass, and carbon fibers in an epoxy matrix [20]. The
report includes shear modulus and shear strength data that is inferred from performing
experiments on flat laminates with fibers oriented at ±45º relative to the loading direction
according to ASTM D3518 [21]. The flat composite panels were manufactured using a manual
wet lay-up process resulting in a fiber volume fraction of 30%. This is considered a relatively
low fiber volume fraction but is probably representative of the fiber volume fraction that might
10

be obtained in a low-cost composite coil spring application. Of all the materials tested, the
woven carbon fiber-epoxy composite had the highest shear modulus, 42.0 GPa. The shear
modulus is more important than elastic modulus for coil spring analysis because it is used to
predict the helical coil spring constant which will be described in the next chapter. Ghanesh and
Naik also provide detailed analytical predictions and experimental data for the shear modulus of
plain weave fabric laminates [22]. They demonstrate that the ±45º off-axis in-plane experiments
are a valid method for determining the shear properties of the laminates.

Astasari and Wijanarko conducted a computational and experimental study to determine the
bending and torsional behavior of carbon fiber and balsa wood composite sandwich structures
[23]. There results confirm that the structures with ±45º fiber orientation relative to the
longitudinal axis provide the best performance for torsion applications. Tasdelen, et al., also
investigate the torsional response of hybrid laminated composite shafts [24]. They consider two
different manufacturing processes: vacuum assisted resin transfer molding (VARTM) and a wet
lay-up manual vacuum bagging process. Experimental results are compared with computational
predictions. The VARTM method was proven to be the best method for manufacturing to obtain
the best properties from the laminate compared to a vacuum bag process. It was also found that
unidirectional layers are superior to the woven sleeves as the fiber angle can be correctly aligned
to the loading cases, compared to relying on the weave at the non-optimal diameters. The
computational predictions for each of the laminates test were higher than the experimental
consistently during the torsional testing, leading to design constraint should have a higher factor
of safety to compensate.
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The information that is most critical to the design of a composite helical spring is the shear
modulus of a ±45º braided reinforcement, where the fiber volume fraction is provided along with
fiber and resin material property data. The closest research that provided these details was
provided by Chai and Wang [25]. They provide torsional properties of carbon fiber/epoxy tubes
manufactured from several different braiding architectures. Shear modulus values varied from
9.5 to 12.5 GPa for the four different braiding types with a fiber volume fraction of 45 %. Kim,
et al., examined the performance of braided glass fiber/epoxy helical coil springs [26]. They
fabricated the springs using a sacrificial plaster core that was used as a tool for the composite
tube. They measured mechanical and creep properties of the tubes and concluded that composite
coil springs could be designed and fabricated for automotive applications.

Ito, et al., investigated the potential for improving the strength of braided carbon fiber/epoxy
composites with the addition of carbon nano fibers [27]. Vapor grown carbon nano fibers
(VGCF) were added to the epoxy matrix before impregnating the braided fabric. The VGCF
content was varied from 0 to 2 percent by weight. A tensile strength improvement of 35% was
observed for the VGCF content of 2 %. Shear strength was not measured in this study. If similar
improvements are possible for the shear strength, it could be useful for the optimization of
composite coil springs.

1.5 Manufacturing Options for Composite Coil Springs
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As noted in the previous discussions, there is limited published data describing the
manufacturing process for a composite helical coil spring. Several manufacturing methods used
for composite tubes are described and the suitability for coil spring applications are discussed
below. Some of these methods were evaluated as part of this project and described in more detail
in the manufacturing chapter.

1.5.1 Hollow Composite Tube Options
The lightest possible composite coil spring design would have a hollow core. Large hollow core
composite structures can be made by using outer tools that are machined to match the outside
geometry of the structure. The composite material is laid up on the inside of this tool and a
flexible internal bladder is inserted inside the composite material. The tool is closed, the bladder
is inflated, and the material is cured into the final shape. When the curing process is finished, the
bladder is deflated and removed. This process is used for making large composite wind turbine
blades, but it would be very challenging to use this process for coil spring applications.

Alternatively, a sacrificial core material could be manufactured and used as an internal mandrel
as described by Kim, et al., [26]. The sacrificial materials could be made from plaster, polymer
foams, or other dissolvable polymer materials. The sacrificial material needs to be sealed so that
the resin used in the composite tube does not infiltrate the core mandrel during the composite
infiltration and curing phase. Two companies make products specifically for this purpose.
Advanced Ceramics Manufacturing (ACM) makes a range of products that are suitable for
specific applications [28]. Nevada Composites Inc. produces Green-AeroSM removable tooling
material [29]. This material is lightweight, has a low coefficient of thermal expansion, and is
13

water-soluble even with cure temperatures up to 370°C (700°F). However, the small inner
diameter of a composite coil spring for automotive applications combined with the relatively
long coil wire length provide challenges for making the removable core.

1.5.2 Filled Composite Tube Options (Sandwich Construction)
Another manufacturing option is to fabricate a lightweight core material that stays inside the
composite coil spring. This core material would add some weight to the final product, but it
would also simplify the manufacturing process. It would also increase the spring constant and
improve the composite strength and resistance to buckling by providing some stability to the
thin-walled composite tube. The core material could be cast inside a multi-part mold, machined,
or printed using common additive manufacturing methods. Utilizing the concept of an internal
mandrel that is shaped either before or after the fibers are placed, is utilized throughout the
manufacturing attempts. Other previous personal experience with hands on composites
fabrication landed knowledge towards manufacturing methods to approach and try. With the
focus of the thesis being focused on a fast and cheap form of production for these springs this
category would be explored through experimentation.

1.6 Testing Methods for Composite Coil Springs
Standard test methods for composite helical coil springs do not exist because these structures
have only been fabricated in a few research studies. The springs would need to have a method for
experimentation to characterize the behavior and determine their feasibility for real world
applications. The standard procedure described for steel springs, ASTM A125-96(2018), can be
14

used to provide testing guidelines for the composite springs [30]. This provides guidelines for
compression loads and crosshead speeds which are suitable for the composite spring
applications.

Additional testing methods may be of interest when considering real world applications. Within
this category the focus on failure modes and fatigue behavior is important. Investigating creep
fatigue, ASTM Standard E2714-13(2020), and tensile creep rupture, ASTM Standard
D7337/D7337M-12(2019), may be important [31, 32]. Details of the experimental procedures
used for this research are described in the experimental chapter.

1.7 Objectives
The overall goal of this thesis is to investigate quick and low-cost manufacturing methods to
produce light-weight polymer composite springs. The first goal is to produce a small batch of
composite coil springs using a method that is able to be scaled to a large batch size based on the
same process. A target goal for hypothetical production is eight springs within one work week.
This fabrication rate simulates the production of a primary and secondary set of springs for a
standard automobile or aircraft. The second goal is to determine a method that is viable for
spring design that is viable for constant but also variable pitch spring design. The final goal is to
prove the feasibility that this product is comparable to a steel equivalent in performance. Doing
test to provide that the springs are stable in cyclic operation behavior, with trends that support
stability over degradation of the product.

15

2. Materials and Manufacturing
2.1 Selection of Helical Coil Spring Configuration
Spring applications of interest are ones used in competitive sports or design competition
automotive suspensions. Vehicles of this nature are weight critical trying to reduce mass in every
system of the car, and the operation lifetime of components is limited to an event instead of
years, compared to a consumer car. The reference spring evaluated for this thesis work is one of
two springs that are used in series on a Baja SAE competition car. These springs are selected for
their usage with a coil over suspension style set up that is common in automotive racing. With
the intent for the composite springs to be able to be interchangeable with preexisting suspension
set ups, certain key constraints are determined from the original steel springs that were
previously in use. A single spring of this size ranges in price from $50 to $130 USD depending
on the material and length of the spring [33]. The steel spring referenced is designed to have a
32.39 N/mm (185 lb/in) spring rate with a free length of 355.6 mm (14 in.) seen in Figure 2.1.
The spring has an internal diameter of 59.13 mm (2.328 in) and a wire diameter of 10.99 mm
(0.433 in) resulting in a mean diameter of 70.51 mm (2.776 in). The spring has twelve active
coils, resulting in a pitch of 25.66 mm/coil (1.01 in/coil). The spring has a weight of 2367 grams
(5.2 lb), when divided by the number of coils a weight per coil or pitch is found to be 197 grams
(0.43 lb).
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Figure 2.1 Steel Helical Spring Reference

The dimensions selected for the composite spring are shown in Figure 2.2. These were
determined based on key dimensions of the steel spring shown in Figure 2.1 with additional
constraints. The critical limiting dimension is to fit on a pre-existing shock, which in this case
has a 50.8 mm (2 in) diameter. Following the design of the steel spring a 6.35 mm (0.25 in)
tolerance is provided to reduce rubbing on the shock as the spring travels, resulting in an internal
diameter of 57.15 mm (2.25 in). The diameter of the wire was determined by the availability of
material from suppliers, with additional information gathered from previous work. Compared to
the steel spring the larger wire diameter increases the polar moment of inertia to compensate for
the weaker properties that the carbon would provide. The composite tube diameter is intended to
have the center layer of carbon fiber sleeve to sit with a diameter of 12.7 mm (0.5 in), so the
fiber angle is at ±45º. The sleeves that are layered above and below this central one would have a
slightly larger and smaller fiber angle from the center line of the coil respectively. This results in
the total wire diameter intended to be 15.2 mm ± 0.12 (0.6 in ±0.005), driving the mean diameter
of the composite tube to be 72.3 mm (2.85 in).
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The number of coils and helix angle were designed to mimic that of the steel equivalent, and not
designed to match the spring rate of the steel spring. The pitch was increased to accommodate
the larger composite tube diameter by shortening the number of coils per free length. The free
length of the composite spring is set by limitations of the 3-D printer that would be used to
produce the manufacturing parts and mandrels. The Stratasys Fortus 250 printer being used has a
maximum build height of 254 mm (10 in), resulting in the spring height being a maximum of 254
mm (10 in). In the case of printed molds, the free height of the spring will be reduced but all
other dimensions will remain the same. The end condition of the coils was considered greatly
and was settled on a ground squared end. The flat of the mandrel would allow excess carbon
fiber from the sleeves to add additional material on the surface that would see the most wear
during use. Having an open-end conditional also allowed for point loading on the carbon fiber
which is not ideal.
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Figure 2.2 Carbon Helical Spring Dimensions
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2.2 Materials
With the shape and size of the spring determined, the suitable materials and manufacturing
methods can be explored. The goal of this project is to determine a fast and cost-effective
method to produce springs in the thought of prototyping instead of a full production setting. The
springs that produced the results that follow were produced in the following manner.

2.2.1 Steel Helical Coil Spring
As noted previously, a steel helical coil spring was selected as a typical spring used for a
lightweight off-road vehicle application such as a Baja SAE car. AISI 9260 Steel is a common
material used for automotive suspension springs. This steel has a density,  = 7.85 g/cm3,
modulus of elasticity, E = 200 GPa, Poisson’s ratio,  = 0.29, and a bulk modulus (or shear
modulus), G = 80.0 GPa [34].

2.2.2 Fiber Reinforcement Material Options
The most commonly available fibers in the U.S. for composite structural applications are glass,
carbon, and aramid (Kevlar). There are many types of fibers, even within these three broad
categories. The relative stiffness and strength of these three types of fibers in their longitudinal
direction are seen in Table 2.1. The density varies for each of these fiber types. E-glass and Sglass are the heaviest with a density of approximately 2.5 g/cm3. Carbon fiber density varies by
type, typical carbon fiber density is around 1.8 g/cm3. Kevlar fibers have a density of 1.5 g/cm3.
Carbon fiber reinforcement provides the highest stiffness to weight and strength to weight from
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these three materials and was therefore chosen as the primary reinforcement material for this
thesis.

Table 2.1: Properties for Spring Material Options [2]

Material

Density
𝒈
𝒄𝒎𝟑

Modulus
GPa
(Msi)

Tensile
Strength
MPa (ksi)

Ratio of
Modulus to
Weight
𝟏𝟎𝟔 𝒎

Ratio of Tensile
Strength to
Weight
𝟏𝟎𝟑 𝒎

High-Strength Carbon
Fiber-epoxy matrix
(unidirectional)

1.55

137.8
(20)

1550 (225)

13.44

101.9

High-modulus Carbon
Fiber-epoxy matrix
(unidirectional)

1.63

215
(31.2)

1240 (180)

13.44

77.5

E-glass Fiber-epoxy Matrix
(unidirectional)

1.85

39.3 (5.7)

965 (140)

2.16

53.2

Kevlar 49 Fiber-epoxy
matrix (unidirectional)

1.38

75.8 (11)

1378 (200)

5.60

101.8

2.2.3 Fiber Reinforcement Material Architectures
Fibers can be purchased in several different forms: unidirectional bundles of individual fibers,
unidirectional thin tapes of longitudinal fibers, thin fabrics woven from bundles of fibers, braided
thin fabrics, or braided sleeves of materials. Most composite structures are fabricated by using
unidirectional tapes, unidirectional fabrics, or woven fabrics stacked in multiple layers to achieve
the desired properties. Large diameter tubular structures can be manufactured using a filament
winding process where bundles of fibers are wound around a mandrel to achieve the desired
stiffness and strength. Long structures with a small diameter such as golf club shafts or vehicle
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drive shafts are typically made by winding tape or fabric around a mandrel. Composite structures
dominated by shear loading such as a drive shafts are often made with fiber orientations of ±45º
relative to the axis shaft. Composite laminate theory and experimental data have shown that this
fiber orientation is best for maximizing shear modulus and shear strength of the structure [2,].

It would be difficult to use any of these fiber architecture options to make the complex shape of a
helical coil spring. However, braided sleeves are available in many formats and have two
distinct advantages as a fiber format for the coil spring application. First, the sleeves have some
flexibility so they can be pulled over a complex shape without falling apart. Secondly, they are
available with fibers oriented at ±45º relative to the longitudinal axis, providing optimum shear
modulus for the finished structure. Figure 2.3 shows typical carbon fiber braided sleeves

Figure 2.3: Braided Carbon Fiber Sleeves from ACP Composites [35]
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2.2.4 Braided Carbon Fiber Biaxial Sleeves
Braided carbon fiber sleeves can be purchased from multiple vendors. Figure 2.4 shows options
available from Soller Composites that could be used for the helical coil spring application. The
3K designation indicates that the bundles of fibers used to braid the sleeve contain 3,000
individual carbon fiber filaments. This is considered a light option, 3K bundles (or tows) are
used for smaller applications with thinner fabrics. Larger braided sleeves are available with 6K
or 12K options. Note that a sleeve with a 12.7 mm (0.5 inch) diameter will have fiber
orientations of ±45º when formed over a 12.7 mm (0.5 in.) mandrel. The sleeve has some
flexibility. If stretched to a larger diameter, the fiber angle will become more transverse,
providing more hoop stiffness and strength. As the sleeve diameter gets larger, the length will
shorten. The diameter of typical braided sleeves can be expanded by about 20-25% [35]. Braided
sleeves can also be elongated, shrinking the diameter. This provides more axial stiffness and
strength. Typical braided sleeves can be elongated by about 60-65% [35].
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Figure 2.4: Braided Carbon Fiber Sleeve Options from Soller Composites [36]

Using commercially available material for the composites purchased from Soller Composites, a
12.7 mm (0.5 in) diameter ±45º sleeve made of 3k Mitsubishi TR30S PAN fiber with a tow
tensile strength of 4410 MPa and a tow tensile modulus of 235 GPa was selected.

2.2.5 Resin Materials
Room temperature curing resin systems were considered for this project to simplify the
prototyping options. The most common room temperature curing resins for composite
applications are polyester, vinyl ester, and epoxy. Epoxies are typically selected for a balance of
performance and cost [2]. The matrix resin selected for this thesis work was the Fiberglast 4500
series resin and 4570 hardener with a tensile strength of 75.5 MPa and a modulus of 3.36 GPa
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[37]. This resin system is ideal for infusing epoxy into structures with complex geometry, Figure
2.5.

Figure 2.5: Fiberglast 4500 Series Epoxy Resin System [37]

2.3 Manufacturing Processes
Several manufacturing processes were considered for fabrication of the hollow composite helical
coil spring described in Section 2.1 and shown in Figure 2.2. These production processes were
attempted with the mindset of a low cost and fast production time in mind. With the intent for the
springs to be hollow, an internal mandrel or external mold is needed give the carbon fiber a tool
for forming. For a coil spring to have an optimal fiber density ratio, ideally one side, either the
inner or the outer, of the carbon fiber would need to be against a hard surface. This gave rise to
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the idea of having an external mold and having the carbon fiber on an internal inflatable bladder,
pressing the carbon outward against a mold. The other route was to use an internal mandrel
wrapped in carbon fiber sleeving material. Then, vacuum bagging and shrink tape can be used to
provide consolidation pressure on the fibers and resin during the curing process to remove voids
and improve fiber volume fraction. This will produce a higher fiber volume ratio, resulting in a
higher stiffness and strength. The following manufacturing processes were attempted.
•

Outside Tool and Internal Bladder

•

Washout (Removable) Mandrel

•

Additively Manufactured ABS Internal Core

•

Cast Wax Mandrel

•

Additively Manufactured Nylon Core

2.3.1 Outside Tool and Internal Bladder
The internal bladder fabrication method was considered for this process initially. In concept
using an inflatable internal bladder to apply pressure from the inside of a laminate as it is pushed
against an exterior mold makes fabrication simple and clean. When trying to get an initially
straight thin bladder of the diameter 0.5 in, to follow the curves of the desired coil dimensions,
wrinkles appeared. The wrinkles that occur, would allow resin and possible carbon to form in
their shape, creating locations for stress risers within the spring. Creating a pre-formed bladder
with the curves of the spring incorporated into it compared to bending a bladder that is straight.
The process to create a pre-formed bladder of this design for the length needed was evaluated to
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be too time consuming and was dismissed as a valid approach for a rapid prototyping and
production standpoint.

2.3.2 Washout Tooling Mandrel
The use of a ceramic based washout tooling was evaluated as a potential spring manufacturing
method. This process requires the fabrication of a ceramic-based core material that could be used
as a mandrel to layup and cure the composite spring. The core material can potentially be
removed once the composite springs are fully cured, A commercially available product called
Aquapour, from Advanced Ceramics Manufacturing was selected as the removable tooling
material, with the compressive strength of 1.517 x 106 Pa and a coefficient of thermal expansion
of 6.48 x 106 mm / mm° C. Aquapour is a pourable and castable ceramic slurry, that once
activated with water will reach green state within 20 minutes. A full cure is then achieved when
thermally dehydrated in an oven [28].

A helical spring mold was designed and fabricated using Fused Deposition Modeling (FDM)
additive manufacturing. The design of the mold was a seven-piece mold seen in Figure 2.6. The
mold was printed out of ABS-M30i material from Stratasys using a Stratasys Fortus 250mc
printer. The mold was printed with a 30% density to reduce the time and material cost, using the
manufacturers settings for the material. The mold face was sanded then sealed with Fiberglast
2000 series composite resin. The resin was then sanded to remove excess material, then coated in
3 layers of Partall Paste #2 mold release. The resulting solids had the shape from the mold, but
the strength required to handle the forces of pulling the mold apart were not met. With the
diameter of the material being just under 0.5 in, the material was too brittle to handle when
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preparing a full-length spring. The pieces fracturing when the mold was pulled apart and difficult
to remove from the mold seen in Figure 2.7.

Figure 2.6: Seven Piece Mold use to Form the Removable Core Materials
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Figure 2.7: Aquapour Washout Tooling Material Too Brittle to Remove from Mold

A second partial coil mold was created and shown in Figure 2.8, simplifying the design to a twopiece mold splitting along the wire center, into a top and bottom part. The mold was prepped as
before, and the Aquapour removable tooling material was easier to form into this mold as
prefilling before closing the mold was an option. The resulting casts could be removed but they
were too brittle to handle well, causing them to break into pieces under their own weight when
set on the table, Figure 2.9. In addition, a seam can be seen running the length of the side
matching that of the mold and caused some of the pieces to split from the seams.
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Figure 2.8: Two Piece Partial Spring Mold

Figure 2.9: Cast Aquapour Material Broken Sections
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Only small sections of the removable core material were obtained. A composite layup process
was done on one of these pieces to evaluate the ease of removing the core material. Regardless of
the brittleness a small sample was created, to see the feasibility of the core material should a
larger diameter were to be used in the future. The removable tooling material is porous, so it
requires a barrier material between itself and the composite material. In some applications the
removable tooling material is covered in flexible vacuum bagging material or Teflon coated
fabric. Due to the brittleness of the cast, attempts at wrapping it in a plastic barrier resulted in the
cast breaking further.

An alternative solution for this application, four coats of Rust-Oleum Primer Sealer were
applied, to prevent resin penetration into the washout tooling, Figure 2.10. Two carbon fiber
braided sleeves from Soller Composites made of the Pyrofil TR30S fibers were pulled over the
core material and wet out with the Fiberglast 4500 epoxy resin and 4570 hardener one at a time.
Once the carbon fiber was wetted it was wrapped in heat shrink tape to try and squeeze excess
resin from the carbon fiber. After the resin had cured it was found that the resin impregnated into
the core material preventing it from being washed out. Material was removed with a drill from
the ends to confirm that the resin had penetrated from the sealed surface and not from the
exposed ends. After drilling into the core material, it was found that the core was fully saturated
with resin, Figure 2.11. Due to the multiple disadvantages with this fabrication method, it was
evaluated to not be worth pursuing further
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Figure 2.10: Washout Tooling Segments Prepped in Primer for Sealing

Figure 2.11: Carbon Sample on Washout Tooling Core
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2.3.3 ABS Internal Mandrel
The next attempt was to print a spring mandrel out of Stratasys ABS-M30i plastic [38] which
had a water soluble Stratasys SR-30 central core that would wash out in a solution. The size,
shape, and dimensions of this ABS mandrel are shown in Figure 2.12. The hollow ABS core
mandrel had a weight of 69 grams (0.15 lbs) after the washout material was removed. Removing
the 3D printed Stratasys SR-30 is done by submerging the print in a salt solution that has
turbulent flow to agitate the mixture, assisting the solution in dissolving the Stratasys SR-30
support material.

Figure 2.12: Hollow ABS-M30i Helical Spring Mandrel Schematic Drawing
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For a spring of the current design the arc length of material used would be 83.82 cm (33 in). The
time required to fully remove the washout material that was printed was roughly 60 hours for one
mandrel. This also required multiple hands-on procedure to flush out saturated bath fluid from
inside the mandrel. The hollow mandrel after the removal of the internal core is seen in Figure
2.13. Due to the amount of time and required effort to remove this type of wash out material, this
process was considered inappropriate for this project.

Figure 2.13: Hollow ABS Mandrel

A second attempt was made based on this idea. The mandrel model was redesigned to reduce the
time required to remove the washout material. Holes of 4.44 mm (0.175in) diameter were added
every 90° on the mean diameter of the mandrel as shown in Figure 2.14. These holes would be
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capped after the washout material was removed. The washout material took 12 hours to remove,
a great reduction in time from the previous attempt, but sealing the holes and capping the
mandrel proved tedious and quickly added equivalent time to the previous process.

Figure 2.14: Hollow ABS Mandrel with Holes

The mandrel was wrapped in a 19 mm (0.75 in) wide heat shrink tape, to seal it from the resin it
would be exposed to. The process to produce the complete carbon spring, was concluded with
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the intent to prevent pulling wetted carbon fiber sleeve over another sleeve. To prevent this, the
carbon sleeves made of Pyrofil TR30S fibers were slid over the mandrel dry. Three layers in
total were pull onto the mandrel, being careful not to catch fibers on the shrink tape or the
previous sleeves. Three layers of carbon fiber sleeves were applied to the mandrel, the spring is
lowered with the aluminum holder that also serves as a volume displacer into a resin vat of premixed Fiberglast 4500 epoxy and 4570 hardener, within the vacuum chamber, shown
schematically in Figure 2.15. When the spring was fully submerged in resin, a vacuum of 26 mg
was applied to the resin vat. The air within the carbon fabric expands as the vacuum level
increased and the air floats to the surface of the resin vat as bubbles. After two minutes the
vacuum is released slowly, allowing for the resin to flow into the spaces that the air once
occupied. The vacuum is pulled to 26 mg again, and the process is repeated two more times. The
air is worked out of the carbon sleeve while fully impregnating them with resin. The spring was
removed from the resin vat and wrapped in heat shrink tape of 19 mm (0.75 in.) width, to apply
pressure to remove excess resin form the composite.
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Figure 2.15: Diagram of Spring Submersion within Custom Vacuum Chamber

Before committing to the full submersion in resin, concerns of the mandrel containing the
internal force of the air it contained arose. With the ends of the mandrel plugged with hot glue as
a preliminary test, the mandrel wrapped in heat shrink tape, was subjected to a vacuum of 26 mg.
The material of the mandrel was not able to handle the internal forces of the air it contained
internally and fractured at weak points from where the plugs of the holes were added. This was
concluded that should it have been in a resin vat; it would have filled with resin, or the mandrel
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would have collapsed when the vacuum was released. Due to this issue the initially internal
mandrel concept was discarded.

2.3.4 Cast Wax Mandrel
The concept of having a fast mold created from 3D printing was beneficial as another route of
core materials was explored. Previous attempts to use a water-soluble washout core material
were unsuccessful because the washout process was too difficult and took too much time.
Another removable core material option is to identify a meltable material that can be thermally
removed. The Ferris File-a-Wax blue tooling wax was selected due to its durability, and low
melting temperature of 116°C. The ABS mold short coil two-piece mold that was previously
used to cast the Aquapour washout tooling was used again for this attempt. The two-part mold,
filled with wax, is shown in Figure 2.16.

The initial trial of using this was to pack the mold initially with small fragments of the tooling
wax. Approximately half of the mold was filled before it was held shut with zip ties. The lower
opening of the mold was capped with Fiberglast 581 sealant tape. The mold was placed into an
oven and heated to a temperature of 116°C. As the mold and wax heated up and the wax started
to melt, the mold started to deform under its own weight, causing the termination of the attempt.

The Stratasys ABSplus material was later found to have a Heat Deflection Temperature of 96 ºC
at 66 psi and a Glass Transition Temperature Tg, of 96 ºC [38]. The deformation of the mold was
caused by the melting temperature of the wax being too close to the heat deflection temperature
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of the mold made of the ABS-M30i material. The partial pieces of wax that were formed within
the short time frame are seen in Figure 2.17. The deformed mold shape is shown in Figure 2.18.

Figure 2.16: Two Part Mold for Casting Wax Mandrel
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Figure 2.17: Partial Wax Section from Casting

Figure 2.18: Deformed Two Part Mold after Wax Casting
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An aluminum mold was started but not completed due to time constraints. Cutting a metal mold
is beyond the goals of the project to keep the cost low, as a mold for a spring of this size would
take roughly twenty to forty hours to cut depending on hardware, and if outsourced would be
several thousand dollars. The use of a metal mold could be used in high volume production, but
that is out of the scope of this research.

2.3.5 Nylon Core
With the attempts of having a removable core failing, the option of leaving a lightweight plastic
core within the carbon fiber became more acceptable. A solid mandrel was printed out of nylon
using the selective laser sintering process to ensure full density to prevent resin impregnation of
the mandrel core, Figure 2.19. This mandrel followed the same dimensions as the hollow ABS
mandrels with the removal of the hollow center. Three of these mandrels were purchased from
Hubs, a local Protolabs company, at a cost of $108 USD per mandrel [39]. The weight of each
core mandrel was 244 ±2 grams.

The intent of leaving the core as part of the final spring allows for minimal prep work on the
mandrel. The core did not require any additional coatings or layers before the carbon sleeves
were pulled over them as they were printed full dense. This was confirmed by submerging a
secondary sample in water to ensure it sank and did not retain any water. Three layers of carbon
fiber are used in the form of a braided ±45º sleeve of 1.27 cm (0.5 in) diameter. Each layer was
cut to a length of 83.82 cm (33 in) and was pulled onto each mandrel one at a time while dry.
Each layer of carbon weighing 83 ±0.3 grams and the coil length of 83.8 cm (33 in), resulting in
41

a weight per length of 0.99 grams/cm (2.5 grams/in) An additional 15cm (6 in) of material was
added to the coil length to allow for a knot to be tied on the lower end. The knot was tied at one
end and pulled tight up the length of the spring to ensure consistent weave and thickness of
carbon fiber for that layer. In addition, it was specifically noted to ensure that the weave pattern
did not twist and remained centered about the axis of the cores, as shown in Figure 2.20.
Completed dry wrapping of the carbon fiber is seen in Figure 2.21 with the extra material on the
tails.

Figure 2.19: Internal Nylon Mandrel
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Figure 2.20: Dry Carbon Fiber Sleve with the Braid Staying Axialy Aligned

Figure 2.21: Dry Wrapped Carbon Springs
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With all the layers applied to the mandrel, the wetting process was prepared. Using a cylindrical
vacuum chamber, Fiberglast 4500 series infusion epoxy resin ss was mixed and placed in the
chamber, as shown previously in Figure 2.15. This resin has a low viscosity allowing for it to
flow more easily into carbon fiber. The pre-wrapped springs were then submerged in the resin
within the vacuum chamber. A vacuum of 26 mg was pulled on the chamber, increasing the
volume of the air that remained in the carbon fiber. The air bubbles float out and up to the
surface of the resin, allowing the surrounding resin to flow into its place within the carbon fiber.
The vacuum is then collapsed, any air still within the carbon fiber shrink in volume further
drawn in more resin into the carbon fiber. This process is repeated three times to ensure that the
air is worked out of the carbon fiber, leaving only resin as the matrix.

After three cycles the springs are removed and then wrapped directly in 1.905 cm (0.75 in) wide
heat shrink tape. The entire length is wrapped, then heated using a heat gun from one end
working down towards the other at a temperature of 80ºC , When the heat shrink is constricting
excess resin if push outward between the layers of the heat shrink tape, resulting in a higher fiber
density ratio. The springs are left on a rotating spit to prevent resin from collecting on one side of
the spring, preventing a dry side, as shown in Figure 2.22. The spit was rotated manually for two
hours, causing the springs to rotate with it, preventing a consistent low point. After the initial
shrinking of the heat shrink there was minimal drip of excess resin while on the spit. The manual
rotation was halted when the excess resin was no longer flowing to the low point of the spring. It
was observed an hour after halting the rotation to confirm that dry spots were not forming on the
high point of the coils. After a twenty-four-hour cure period, the heat shrink is removed to reveal
the final product.
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Figure 2.22: Springs Wrapped in Heat Shrink

Due to the properties of the heat shrink material, any excess resin that was directly on the outside
of the heat shrink tape was easily removed. There was excess resin that had been trapped in
wrinkles on the inside of the coil that were unable to be removed. This process was done with
three cores to produce three spring specimens, they were done in series to not waste resin used
during the submersion process. Due to this being done in series, the resin had started to gel
during the heat shrink tape wrapping process of spring B and C. The excess was trimmed from
the springs with a Dremel with an abrasive cut off disc, resulting in the finished springs. The
45

position of the cut was determined by measurements of the ground geometry still present on the
exterior of the spring. The dimensions of the completed trimmed springs are provided in Table
2.2 and a photograph of the finished springs is provided in Figure 2.23.

Table 2.2 Finished Trimmed Spring Dimensions and Weight

Spring
Spring A
Spring B
Spring C

Weight
(Grams)

Mean Wire
Diameter
(mm)

399.3
393.8
394.3

15.24
15.26
15.21

Wire
Diameter
Variance
(± mm)
0.13
0.2
0.18

Internal
Coil
Diameter
(mm)
58.58
57.47
56.82

Outer Coil
Diameter
(mm)

Mean Coil
Diameter
(mm)

88.17
88.02
88.03

73.375
72.745
72.425

Figure 2.23: Three Completed Composite Springs
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3. Experimental Procedures
3.1 Experimental Overview
The helical composite springs are to be tested in compression in an MTS servo hydraulic test
system. The tests performed are focused on obtaining an initial spring rate value followed by low
cycle fatigue testing under compression. The goal of the low cycle fatigue loading is to look for
signs of fatigue failure or permanent settling of the helical spring’s length. Mechanical testing of
the composite coil springs is a mix of several tests and studies combined, with the resources that
were available at the time. The strong basis of the test procedures were based on ASTM standard
A125-96 [30] which is meant for heat treated steel helical springs. This test procedure is first
validated by conducting experiments on a steel helical coil spring and comparing the results to
the manufacturer supplied spring rate data. Variables that were used from this standard include
cross head travel distance and cross head velocity. The number of cycles used for the short-term
fatigue behavior was generalized from other testing standards such as the Standard Test Method
for Tensile Creep Rupture of Fiber Reinforced Polymer Matrix Composite Bars [31] and the
Standard Test Method for Mode 1 Fatigue Delamination Growth Onset of Unidirectional FiberReinforced Polymer Matrix Composites [40] for composite fatigue and creeping.
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3.2 Fiber Volume Fraction
The volume fraction is critical property of the springs that needs to be determined. With this
information, the analytical comparison to theoretical predictions can be completed. The fiber
volume fraction must be determined for each specimen. During the fabrication process of the
spring specimens, weights of all components are collected, along with the density of the fibers
and resin used, this includes the following:
•

Nylon Coil by itself

•

Nylon Coil With all three layers of carbon fiber (dry) on it.

•

Trimmed carbon fiber length per layer

•

Nylon Coil with Carbon fiber cured and trimmed

•

Density of carbon fiber

•

Density of epoxy

The collected values were used to calculate the individual mass of the carbon and matrix within
the springs. The weight fractions are calculated using Equations 1 and 2.
𝑤𝑓 =

𝑚𝑓
𝑚𝑓 + 𝑚𝑚
(Eq. 1)

𝑤𝑚 =

𝑚𝑚
𝑚𝑓 + 𝑚𝑚
(Eq. 2)

where 𝑚𝑓 = mass of the fiber and 𝑚𝑚 = mass of the matrix. The fiber volume fraction of each
specimen is then determined using Equation 3.
𝑤𝑓
𝜌𝑓

𝑉𝑓 = 𝑤
𝑤
𝑓
( ) + ( 𝑚)
𝜌𝑓
𝜌𝑚
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(Eq. 3)

3.3 Equipment and Hardware
An MTS hydraulic system is being used to test the helical springs (Figure 3.1). It is equipped
with a 222,411 N (50,000 lb) load cell that has been calibrated to a limit of 88,964 N (20,000 lb).
The system is controlled by the MTS test suite Elite for the experiments being conducted. This
equipment recorded axial force and axial displacement during the experiment at a prescribed
frequency.
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Figure 3.1: MTS System Crosshead, Loadcell, and Spring Setup

A pair of spring rest fixtures were designed and fabricated so that the axial load would be evenly
distributed over the last spring coil on each end. A schematic drawing of these fixtures
highlighting the key dimensions is shown in Figure 3.2 and a photograph of the fixtures is shown
in Figures 3.3 and 3.4. The spring rests have the same pitch as the springs to capture the ground
end and part of the first coil, with a wider wire diameter to allow placement into them.
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These spring rest fixtures were printed from carbon reinforced nylon, PA6-GF30, on a custom
built FDM printer. Preliminary compression experiments demonstrated that the deformation of
these fixtures was negligible compared to the spring deformation during the spring rate
experiments. A nylon guide was added to center the spring rest onto the steel fixture to allow a
short guide for the spring, Figures 3.3 and 3.4.

Figure 3.2: Spring Rest Schematic Drawing
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Figure 3.3: Carbon Reinforced Nylon Spring Rest with Nylon Guide

Figure 3.4: Spring Rest Mounted on Steel MTS Fixture
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The composite springs described in Chapter 2 have a free length of 25.4 cm, 8 active coils, and a
pitch of 3.04 cm. These springs could theoretically be compressed by 12.16 cm to reach their full
solid height.

3.4 Testing Procedure
The prescribed travel distance for the test machine crosshead during the compression
experiments was determined based on spring free length percentages. Initially, 15% of the spring
free length was tested to make sure that the spring and test fixtures could survive the loads. The
second experiment was compressed to 30% of the spring free length which corresponded to the
travel limit of the MTS testing system of 7.6 cm (3 in.). Finally, a compression distance of 25%
of the free length was used for the low cycle fatigue experiments to avoid coil buckling. A series
of six experiments were conducted on each of the three composite springs:
•

Initial 15% of Free Length Concept Test: Single Cycle Axial Compression of 3.81 cm to
determine initial spring rate at 15% of full free length compression.

•

Secondary 30% of Free Length: Single Cycle Axial Compression of 7.6 cm to determine
spring rate at 30% of full free length compression.

•

Test 3: Low Cycle Fatigue (5 cycles) to 6.35 cm corresponding to 25% of full free length
compression.

•

Test 4: Low Cycle Fatigue (10 cycles) to 6.35 cm corresponding to 25% of full free
length compression.

•

Test 5: Low Cycle Fatigue (50 cycles) to 6.35 cm corresponding to 25% of full free
length compression.
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•

Test 6: Low Cycle Fatigue (100 cycles) to 6.35 cm corresponding to 25% of full free
length compression.

Additional details for each of these tests is described below.

3.4.1 Initial 15% of Free Length Concept Test: Single Cycle Axial Compression of

3.81 cm to determine initial spring rate at 15% of free length compression.
Manual Setup:
•

Place a spring in the spring rest fixtures.

•

Mount the spring and fixtures into the MTS machine as shown in Figure 3.5.

•

Preload the springs to an initial compressive force of -13.3 N (- 3 lb) and hold at this
force level.
o The crosshead velocity during the preload step is 1.27cm/min (0.5 in/min).

•

Set the reference displacement to zero.

•

Set the reference force to zero.
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Figure 3.5: Mounted Spring Prepared for Testing
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Test Program Procedure:
•

Move the crosshead in the compressive direction to a distance of 3.81 cm (1.5 in) at a
constant velocity of 5.08 cm/min (0.2 in/min).

•

Record the axial force and crosshead displacement at a frequency of 100 Hz or 6000 data
points per minute.
o The axial force is recorded with a measurement error of ± 44.4 N (± 10 lb)
o The crosshead displacement is recorded with a measurement error of ± 0.07 cm (±
0.03 in).

•

Unload the spring by returning the crosshead to the zero-reference position at a rate of
12.7 cm/min (5 in/min).

Post Test Procedure:
•

Measure and record the spring free length for comparison to the original length
immediately after testing.
o A simple fixture is created using two flat plates of material (aluminum was used)
to measure the free length of the spring, Figure 3.6. Standing one plate on end, the
spring is to be placed squarely on the side of plate 1. The plate 2 is then placed
squarely on the other end of the spring standing upright to “sandwich” the spring
in-between. It is critical the plates are not compressing the spring during the
measurement. To assure squareness the exterior edges between the plates are
measured to confirm they are parallel to each other. The procedure is repeated
twice to validate the accuracy of the measurement. Measurements are done with
calibrated calipers to the tolerance of ±0.012 mm (0.0005 in)
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•

Plot the axial force vs. displacement, measure the slope, and report the spring rate for this
Test.
o The measurement uncertainty error in the spring rate is also determined and
reported.

•

Inspect for defects and fractures visually.

Figure 3.6: Free Length Measurement Fixture

3.4.2 Test 2: Single Cycle Axial Compression of 7.6 cm to determine spring rate at 30% of free
length compression.
Manual setup:
•

Seat the springs in the spring rest.
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•

Preload the springs to an initial compressive force of -13.3 N (- 3 lb) and hold at this
force level.
o The crosshead velocity during the preload step is 1.27cm/min (0.5 in/min).

•

Set the reference displacement to zero.

•

Set the reference force to zero.

Test Program Procedure:
•

Move the crosshead in the compressive direction to a distance of 7.6 cm (2.99 in) at a
constant velocity of 5.08 cm/min (0.2 in/min). The Machine Safety limit is at 7.62 cm (3
in)

•

Record the axial force and crosshead displacement at a frequency of 100 Hz or 6000 data
points per minute.
o The axial force is recorded with a measurement error of ± 44.4 N (± 10 lb)
o The crosshead displacement is recorded with a measurement error of ± 0.07 cm (±
0.03 in).

•

Unload the spring by returning the crosshead to the zero-reference position at a rate of
12.7 cm/min (5 in/min).

Post Test Procedure:
•

Measure and record the spring free length for comparison to the original length
immediately after testing.

•

Plot the axial force vs. displacement, measure the slope, and report the spring rate for this
Test.
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o The measurement uncertainty error in the spring rate is also determined and
reported.
•

Inspect for defects and fractures visually.

3.4.3 Test 3: Low Cycle Fatigue (5 cycles) to 6.35 cm corresponding to 25% of full free length
compression.
Manual setup:
•

Seat the springs in the spring rest.

•

Preload the springs to an initial compressive force of -13.3 N (- 3 lb) and hold at this
force level.
o The crosshead velocity during the preload step is 1.27cm/min (0.5 in/min).

•

Set the reference displacement to zero.

•

Set the reference force to zero.

Test Program Procedure:
•

Move the crosshead in the compressive direction to a distance of 1.27 cm at a rate of 12.7
cm/min to preload the spring.

•

Move the cross head in the compressive direction to an absolute distance of 6.35 cm,
following a sinusoidal waveform.

•

Dwell for a time of 500ms with the crosshead at the 6.35 cm distance of compression.

•

Move the crosshead in the tension direction to an absolute distance of 1.27 cm.
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•

Repeat for 5 cycles, recording the axial force and crosshead displacement at a frequency
of 50 Hz or 3000 data points per minute.

•

Unload the spring by returning the crosshead to the zero-reference position at a rate of
12.7 cm/min.

Post Test Procedure:
•

Measure the spring free length for change and record.

•

Interpret the data gathered from the run.
o Sort the data by separating each cycle, fitting a linear regression line to each
cycle.
o Calculate the spring rate from the linear regression line.
o Compare the spring rate vs cycles to determine spring behavior as the cycle count
increases.

•

Inspect for defects and fractures visually.

3.4.4 Test 4: Low Cycle Fatigue (10 cycles) to 6.35 cm corresponding to 25% of free length
compression.
Manual setup:
•

Seat the springs in the spring rest.

•

Preload the springs to an initial compressive force of -13.3 N (- 3 lb) and hold at this
force level.
o The crosshead velocity during the preload step is 1.27cm/min (0.5 in/min).
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•

Set the reference displacement to zero.

•

Set the reference force to zero.

Test Program Procedure:
•

Move the crosshead in the compressive direction to a distance of 1.27 cm at a rate of 12.7
cm/min to preload the spring.

•

Move the cross head in the compressive direction to an absolute distance of 6.35 cm,
following a sinusoidal waveform.

•

Dwell for a time of 500ms with the crosshead at the 6.35 cm distance of compression.

•

Move the crosshead in the tension direction to an absolute distance of 1.27 cm.

•

Repeat for 10 cycles, recording the axial force and crosshead displacement at a frequency
of 50 Hz or 3000 data points per minute.

•

Unload the spring by returning the crosshead to the zero-reference position at a rate of
12.7 cm/min.

Post Test Procedure:
•

Measure the spring free length for change and record.

•

Interpret the data gathered from the run.
o Sort the data by separating each cycle, fitting a linear regression line to each
cycle.
o Calculate the spring rate from the linear regression line.
o Compare the spring rate vs cycles to determine spring behavior as the cycle count
increases.
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•

Inspect for defects and fractures visually.

3.4.5 Test 5: Low Cycle Fatigue (50 cycles) to 6.35 cm corresponding to 25% of free length
compression.
Manual setup:
•

Seat the springs in the spring rest.

•

Preload the springs to an initial compressive force of -13.3 N (- 3 lb) and hold at this
force level.
o The crosshead velocity during the preload step is 1.27cm/min (0.5 in/min).

•

Set the reference displacement to zero.

•

Set the reference force to zero.

Test Program Procedure:
•

Move the crosshead in the compressive direction to a distance of 1.27 cm at a rate of 12.7
cm/min to preload the spring.

•

Move the cross head in the compressive direction to an absolute distance of 6.35 cm,
following a sinusoidal waveform.

•

Dwell for a time of 500ms with the crosshead at the 6.35 cm distance of compression.

•

Move the crosshead in the tension direction to an absolute distance of 1.27 cm.

•

Repeat for 50 cycles, recording the axial force and crosshead displacement at a frequency
of 50 Hz or 3000 data points per minute.
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•

Unload the spring by returning the crosshead to the zero-reference position at a rate of
12.7 cm/min.

Post Test Procedure:
•

Measure the spring free length for change and record.

•

Interpret the data gathered from the run.
o Sort the data by separating each cycle, fitting a linear regression line to each
cycle.
o Calculate the spring rate from the linear regression line.
o Compare the spring rate vs cycles to determine spring behavior as the cycle count
increases.

•

Inspect for defects and fractures visually.

3.4.6 Test 6: Low Cycle Fatigue (100 cycles) to 6.35 cm corresponding to 25% of free length
compression.
Manual setup:
•

Seat the springs in the spring rest.

•

Preload the springs to an initial compressive force of -13.3 N (- 3 lbf) and hold at this
force level.
o The crosshead velocity during the preload step is 1.27cm/min (0.5 in/min).

•

Set the reference displacement to zero.

•

Set the reference force to zero.
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Test Program Procedure:
•

Move the crosshead in the compressive direction to a distance of 1.27 cm at a rate of 12.7
cm/min to preload the spring.

•

Move the cross head in the compressive direction to an absolute distance of 6.35 cm,
following a sinusoidal waveform.

•

Dwell for a time of 500ms with the crosshead at the 6.35 cm distance of compression.

•

Move the crosshead in the tension direction to an absolute distance of 1.27 cm.

•

Repeat for 100 cycles, recording the axial force and crosshead displacement at a
frequency of 50 Hz or 3000 data points per minute.

•

Unload the spring by returning the crosshead to the zero-reference position at a rate of
12.7 cm/min.

Post Test Procedure:
•

Measure the spring free length for change and record.

•

Interpret the data gathered from the run.
o Sort the data by separating each cycle, fitting a linear regression line to each
cycle.
o Calculate the spring rate from the linear regression line.
o Compare the spring rate vs cycles to determine spring behavior as the cycle count
increases.

•

Inspect for defects and fractures visually.
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4. Experimental Results
4.1 Single Cycle Spring Rate Experimental Results
The axial force versus displacement for Tests 1 and 2 are plotted in Figures 4.1 and 4.2,
respectively. A linear regression line was fit to the data for each of the three spring specimens.
The calculated initial spring rates for Tests 1 and 2 are shown in Table 4.1 for each of the three
composite springs. Figure 4.3 shows slight buckling that occurred near the end of Test 3 (at the
7.6 compression distance), giving reason for the cycling test distance to be reduced from 30% of
the free length to 25% for the fatigue experiments.

Figure 4.1: Test 1 Experimental Force vs. Displacement Data with Linear Regression Curve Fit
Lines.
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Figure 4.2: Test 2 Experimental Force vs. Displacement Data with Linear Regression Curve Fit
Lines.

Table 4.1: Initial Spring Rates Gathered from Tests 1 & 2
Test 1: Axial Compression of Test 2: Axial Compression of
3.81 cm (1.5 in)
7.6 cm (3 in)
Spring Rate
N/cm (lb/in)

Spring Rate
N/mm (lb/in)

Spring A

210 (119) ± 4%

201 (115) ± 4%

Spring B

210 (119) ± 4%

202 (115) ± 4%

Spring C

208 (119) ± 4%

206 (118) ± 4%
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Figure 4.3: Buckling during Axial Compression of 7.6 cm
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4.2 Free Length Creep Results
The original free length of the springs along with the free length measured after each experiment
is reported in Table 4.2 and plotted in Figure 4.4. The percent reduction in free length after each
test is summarized in Table 4.3.

Table 4.2: Spring Free Length Measurements after Each Test.

Initial
(cm)

Initial
Spring
Rate
Check 1
(cm)

Initial
Spring
Rate
Check 2
(cm)

5 Cycles
(cm)

Spring A

25.50

25.44

25.33

25.32

25.32

25.31

25.31

Spring B

25.60

25.60

25.42

25.37

25.37

25.36

25.36

Spring C

25.04

25.03

25.02

25.01

25.00

24.99

24.98

Test Name
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10 Cycles 50 Cycles
(cm)
(cm)

100
Cycles
(cm)

Figure 4.4: Spring Free Length versus Cycle Count

Table 4.3: Percent Reduction in Spring Free Length Measurements after Each Test.

Initial Spring
Initial Rate Check 1
% of initial
Test Name (cm)

10
Initial Spring Rate 5 Cycles Cycles
Check 2
% of
% of
% of initial
initial
initial

50
Cycles
% of
initial

100
Cycles
% of
initial

Spring A

25.51

0.24

0.67

0.71

0.72

0.74

0.76

Spring B

25.60

0.00

0.68

0.89

0.89

0.93

0.94

Spring C

25.05

0.04

0.11

0.12

0.18

0.22

0.25

69

4.3 Low Cycle Fatigue Spring Rate Experimental Results
The spring rate is calculated during each cycle of loading in the experiments. The mean spring
rate for each of the low cycle fatigue tests is plotted in Figure 4.5. The error bars in this figure
represent standard deviation for each test. The mean spring rates for all six tests are summarized
in Table 4.4. The percent reduction values compared to the initial spring rate test are summarized
in Table 4.5.

Figure 4.5: Mean Spring Rate for Each Low Cycle Fatigue Test
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Table 4.4: Mean Spring Rates for All Six Tests
Spring

Test 1
N/cm
(lb/in)

Test 2
N/cm
(lb/in)

5 cycle
N/cm
(lb/in)

10 cycle
N/cm
(lb/in)

50 cycle
N/cm
(lb/in)

100 cycle
N/cm
(lb/in)

Spring A

210 (119) ±
5.5%
210 (119) ±
5.5%
208 (119) ±
5.5%

201
(114.8)
202
(115.3)
206
(117.6)

223.1
(127.4)
220.01
(125.6)
214.8
(122.7)

223.94
(127.9)
220.6 (126.0)

224.3
(128.1)
220.2
(125.7)
220.7
(126.0)

224.2
(128.0)
220.9
(126.1)
220.6
(126.0)

Spring B
Spring C

219.8 (125.5)

Table 4.5: Mean Spring Rate Percent Change Compared to Initial
Spring Test 1
Test 2
5 Cycle
N/cm % Reduction % Reduction
Initial from Initial
from Initial
Spring
210
-4.29
6.24
A

10 Cycle
% Reduction
from Initial

50 Cycle
% Reduction
from Initial

100 Cycle
% Reduction
from Initial

6.64

6.81

6.76

Spring
B

210

3.81

4.77

5.05

4.86

5.19

Spring
C

208

0.96

3.27

5.67

6.11

6.06
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4.4 Mass of Key Spring Components, Weight Fraction, and Volume
Fraction
The mass of key components in each spring are recorded in Table 4.6. This data is used to
estimate the fiber mass fraction and fiber weight fraction in each of the composite springs.

Table 4.6: Fiber Volume Fraction from Experimental Results
Mass (grams)
Nylon
Core

Nylon
Dry
Core Carbon
with
Fiber
Dry
Carbon
Fiber

Springs
Dry
Epoxy in
After
Carbon
the
Curing
Fiber
Springs
the
after
after
Epoxy Trimming Trimming
and
the Ends the Ends
Trimmed

Fiber
Weight
Fraction
(%)

Fiber
Volume
Fraction
(%)

Spring
A

245.5

327.7

82.2

399.6

78.6

75.5

53.3

39.2

Spring
B

245.7

329.0

83.3

393.8

78.6

69.5

56.2

42.0

Spring
C

242.1

325.1

83.0

394.3

78.6

73.6

54.5

40.3
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5. Theoretical Composite Spring Analysis
5.1 Spring Constant Estimate for Hollow Springs
A free body diagram of a helical coil spring loaded in compression is shown in Figure 5.1.
Figure 5.1a assumes that the applied force on the ends is in contact with a significant section of
the first and last coil and the force is colinear with the central axis of the spring. Most helical
springs have a solid wire diameter, d, pitch of p, and a mean diameter of D, measured from the
center of the cross-section on one side to the center of the cross-section on the other side as
shown in Figure 5.1. Hollow helical coil springs have an outer diameter of do and an inner
diameter of di.

F

F

p

d

T
D
F

(a

(b

F

d
d

Figure 5.1: Free Body Diagram of Helical Coil Spring Loaded in Compression
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Figure 5.1b shows the free body diagram isolating and internal cross-section of the spring. The
internal reactions include a torque, 𝑇 =

𝐹𝐷
2

, and a transverse force of F. The axial deflection can

be estimated using Castigliano’s Method [41]. The application of this method for spring
problems is summarized in several machine design textbooks such as [1]. Assuming the
contribution from transverse shear force to the axial deflection is negligible, the axial deflection,

, can be found from Equation 4.
𝐿

𝛿=∫

𝜕𝑇
)
𝜕𝐹 𝑑𝑥
𝐺𝐽

𝑇(

(Eq. 4)

0

where T is the internal torque in the cross-section, F is the axial force, G is the shear modulus of
the material, J is the polar moment of inertia for the cross-section, dx is the infinitesimal arc
length of the wire, and L is the entire length of the coil winding. Note that 𝑑𝑥 = 𝑟𝑑𝜃 = (𝐷⁄2)𝑑𝜃
and the length of the coil winding can be expressed as 𝐿 = 2𝜋𝑁, where N is the number of active
coils in the spring. The polar moment of inertia for a solid coil and a hollow coil cross-section
are defined with Equations 5 and 6.
𝐽𝑠𝑜𝑙𝑖𝑑 =

𝐽ℎ𝑜𝑙𝑙𝑜𝑤 =

𝜋𝑑 4
32

𝜋(𝑑𝑜4 − 𝑑𝑖4 )
32

(Eq. 5)

(Eq. 6)

The deflection for a hollow spring can now be written as shown in Equation 7. This equation can
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𝐹

be rearranged to define the spring rate, 𝑘 = 𝛿, as shown in Equation 8 for a hollow spring and
Equation 9 for a solid spring.

2𝜋𝑁

𝛿=∫
0

𝐹𝐷 𝐷
( 2 ) (2)
𝐷
(
𝑑𝜃)
𝜋(𝑑𝑜4 − 𝑑𝑖4 ) 2
)
𝐺(
32

2𝜋𝑁
4𝐹𝐷3
𝛿=
∫ 𝑑𝜃
𝜋𝐺(𝑑𝑜4 − 𝑑𝑖4 ) 0

𝛿=

𝑘ℎ𝑜𝑙𝑙𝑜𝑤

8𝐹𝐷3 𝑁
𝐺(𝑑𝑜4 − 𝑑𝑖4 )

(Eq. 7)

(𝑑𝑜4 − 𝑑𝑖4 )𝐺
=
8𝐷3 𝑁

(Eq. 8)

𝑑4𝐺
8𝐷3 𝑁

(Eq. 9)

𝑘𝑠𝑜𝑙𝑖𝑑 =

5.2 Shear Modulus Estimate for Composite Sleeves
Micromechanics and composite lamination theory is used to estimate the shear modulus, Gxy, of
the composite tubes that make up the helical composite springs. The shear modulus is defined
where the x axis follows the helix path along the length of the coil and the y axis is in the hoop
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direction around the circumference of the composite tube. The composite sleeve fiber
orientations are ±45º relative to the x and y axes. Assumptions made to simplify the equations:
1. Each ±45º braided sleeve is represented as two unidirectional fiber orientated layers each
of half the thickness of the actual fabric.
2. Fiber volume fractions are assumed to be 38, 40, 42, 44, and 46 percent.
3. Due to predicted loading of the carbon fiber the G value used is gathered assuming the
fabric is a quasi-isotropic laminate.

A volume fraction within this range is selected as it is standard for hand layups of carbon fiber to
be within this range, compared to vacuum bagging and prepreg that can get stronger composites
with a higher fiber volume fraction. Equations 10 through 17 represent the micromechanics
equations used to estimate individual, unidirectional ply properties of a single lamina [2, Mallick
text]. The material property values for the fibers and epoxy are gathered from several sources [37
&36].

𝐸𝑓 = 235 Gpa
𝐸𝑚 = 3.355 Gpa
𝜈𝑓 = 0.2
𝜈𝑚 = 0.35
Lamina theory
𝐸𝑓 = 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑏𝑒𝑟
𝜈𝑓 = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′ 𝑠 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑏𝑒𝑟
𝐸𝑚 = 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑟𝑖𝑥
𝜈𝑚 = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′ 𝑠 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑟𝑖𝑥
𝑉𝑓 = 𝐹𝑖𝑏𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑉𝑚 = 𝑀𝑎𝑡𝑟𝑖𝑥 𝑣𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝐺𝑓 = 𝑆ℎ𝑒𝑎𝑟 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑖𝑏𝑒𝑟
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𝐺𝑚 = 𝑆ℎ𝑒𝑎𝑟 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑟𝑖𝑥
𝐸11 = (𝐸𝑓 ∗ 𝑉𝑓 ) + (𝐸𝑚 ∗ 𝑉𝑚 )

𝜈12 = (𝜈𝑓 ∗ 𝑉𝑓 ) + (𝜈𝑚 ∗ 𝑉𝑚 )

𝐸22 =

(Eq. 10)

(Eq. 11)

(𝐸𝑓 ∗ 𝐸𝑚 )
(𝐸𝑓 ∗ 𝑉𝑚 ) + (𝐸𝑚 ∗ 𝑉𝑓 )
𝐸22
𝜈21 = ( ) 𝜈12
𝐸11

𝐺𝑓 =

(Eq. 13)

𝐸𝑓
2(1 + 𝜈𝑓 )

(Eq. 14)

𝐸𝑚
2(1 + 𝜈𝑚 )

(Eq. 15)

𝐺𝑓 𝐺𝑚
𝐺𝑓 𝑉𝑚 + 𝐺𝑚 𝑉𝑚

(Eq. 16)

𝐺𝑚 =

𝐺12 =

(Eq. 12)

𝐺21 = 𝐺12
(Eq. 17)

The values of these ply terms can be used in laminate theory [2, Mallick], to estimate the shear
modulus Gxy. The assumption is that each braided sleeve is represented by a ±45 stack of the
same thickness of the fabric, resulting in a symmetric 3 ply [±45] laminate of the same final
thickness. Varying the fiber density from 38% to 46% in 2% intervals, the following expected
Gxy and corresponding Spring rates can be seen in Table 5.1 below. The values of Gxy were
inserted into Equation 8, to get expected values for the spring that has eight active coils, a mean
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diameter of 7.32 cm (2.88 in), coil diameter of 1.27 cm (0.5 in), and a total carbon fiber wall
thickness of 0.1143 mm (0.045 in).

Table 5.1: Calculated Shear Modulus and Spring Rate from a Simulated Laminate
Volume Fraction

Shear Modulus (G)

Spring Rate

38

21.96 GPa (3.186e+6 psi)

188.5 N/cm (107.6 lb/in)

40

23.06 GPa (3.345e+6 psi)

197.9 N/cm (113.0 lb/in)

42

24.17 GPa (3.506e+6 psi)

207.4 N/cm (118.44 lb/in)

44

25.28 GPa (3.666e+6 psi)

216.9 N/cm (123.85 lb/in)

46

26.39 GPa (3.827e+6 psi)

226.4 N/cm (129.29 lb/in)

To compare the resulting product volume fraction to the theoretical predictions Equations 1
through 3 are used. Comparing the real volume fraction will allow further insight into how
accurate the predictions are, as the real value can be inserted in to calculate a more realistic
prediction to the result.
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6. Discussion, Conclusions, and Future Work
6.1 Description of Results and Correspondence
6.1.1 Spring Rate and Free Length Settling During Initial Single Cycle Experiments
Table 4.1 along with Figures 4.1 and 4.2, show the initial compression data of each spring
specimen to the distance for 3.81cm (1.5 in) and 7.59 cm (2.99 in). Both results show that the
spring design is capable of providing a consistent force similar to that of steel alternatives. The
Spring C data seen in Figure 4.1 is seen to return to a force of zero before the cross-head travel
reaches zero. This can be explained by the additional resin on the exterior of the spring
separating during compression, allowing the spring to settle slightly into the spring rest. The
initial 3.81cm (1.5 in) of compression having a higher spring rate of 210 N/cm (119 lb/in)
compared to that of the larger distance of 7.59 cm (2.99 in) having a spring rate average of 201
N/cm (115 lb/in), shows change of behavior with more of the spring under load. This decrease
can also be described due to the buckling seen in Figure 4.3. Comparing the spring rate change to
that of the free length behavior, the decrease in the spring rate does not correlate to a failure of
the structure represented by the consistent trend that continues with the free length of the springs
as the testing continues.

6.1.2 Spring Rate and Free Length Settling During Cyclic Loading Experiments
Figures 4.4 shows the change in free length as a function of the number of cycles of loading. The
percent reduction in spring length as a function of load cycles is summarized in Table 4.3. The
free length decreases logarithmically as a function of load cycles, plateauing around the 10th
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cycle. This data indicates less than a 1 % change in free length after all of the testing, which is a
total of 167 cycles of loading.

Figure 4.5 shows the mean spring rate measured during each of the cyclic fatigue experiments.
This data is summarized in Table 4.4, along with the spring rate values obtained from the first
two single cycle experiments. The spring rate increases logarithmically, settling into a plateau
around the 50th load cycle. The spring rate for the second single cycle test does not fit this trend,
but the spring began to buckle during that experiment due to the larger compression
displacement. The spring rate estimates for this data would be skewed because of the buckling
deformation. The spring rate after all of the cyclic loading is approximately 7% higher than the
initial spring rate. A settling behavior that is apparent after a small cycle count is reinforcing that
the concept and method of production is suitable to a predictable specimen.

6.1.3 Fiber Volume Fraction Data for the Three Springs
Table 4.6 presents the collected fiber volume fraction data. In chapter 5, the theoretical
composite spring constant was predicted over a range of fiber volume fractions. Knowing the
experimental fiber volume fraction allows for a better comparison between the experimental and
the theoretical spring rate values. The fiber volume fraction was determined to fall within
anticipated ranges for the type of composite fabrication done in this work. The process
completed is considered in the hand layup category, giving expected values for fiber volume
fraction to be in the mid 30% to low 40% for braided and woven fiber forms [2]. This also allows
the experimental spring constant values to be compared with the theoretical values, which in the
end conditions where the springs settles, are within 6% of each other.
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6.1.4 Explanation of Differences between the Three Springs
The differences between the springs can be traced to the fabrication process for each one. As
described in Chapter 2, a single pot of resin was used to wet out all three springs sequentially. By
the time the second and third springs were being wet out, the resin viscosity began to increase as
the time drew closer to the pot life time of the resin. Following the order of fabrication, Spring A
was completed and set within the pot lifetime of the resin. Spring B was wet out and the vacuum
pulled within the pot lifetime, but was wrapped with shrink tape after the recommended pot
lifetime. Spring C was vacuumed and wrapped after the pot lifetime with a completion 25
minutes after the labeled pot lifetime of 70 minutes. When the resin is less viscous more will
flow into the wrappings and get trapped between the overlapping heat shrink tape, compared to
after the pot lifetime when it is more viscous it will only move when forced to. The resulting
fiber volume fractions are within acceptable hand layup ranges and should actually be a little
higher than reported, as the weight of the excess resin is included in the calculations. In addition,
while the 3D printed mandrel was sealed, resin may have permeated into the print, adding more
resin weight.

Spring A had the lowest fiber volume fraction, but had the highest spring rate, inferring the best
impregnation within the composite. With it being the first and only spring to be completed fully
within the recommended pot lifetime, the resin was able to permeate the layers of carbon fiber
more efficiently.
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The fiber volume fraction was similar between all the specimens, showing that the process to
fabricate composite springs can produce similar results from batch to batch with small variance.
From a production standpoint this is beneficial for quality control and end consumer product
conformance. This allowable variance also allows the realization that critical mold tolerances can
be looser and nontraditional mold or mandrel methods can be used to produce a final product of
similar quality.

6.1.5 Discussion of Theoretically Predicted Spring Constant for the Composite Springs
The mean fiber volume fraction for the three springs was 40.5 %. Interpolating the predicted
spring constant values in Table 5.1, the predicted spring constant would be approximately 20.0
N/mm. The mean composite spring constant obtained experimentally was 22.2 N/mm. The
predicted value was about 10 % lower than the experimental data.

The predicted composite spring constant relies on a theoretical value for the composite tube
shear modulus, Gxy. Micromechanics and laminate theory were used to predict this shear
modulus. Laminate theory relies upon using unidirectional fibers for calculation, as described in
the theory section. A 3 ply [±45º] laminate of equivalent thickness to the three-ply woven
composite was used, but when a fabric is woven or braided the stiffness is reduced due to the
fiber bundle undulations over and under the other tows of fibers. This fiber waviness in the
actual material would lower the stiffness compared to the uniformly flat layers of fibers that form
the basis for the lamination theory. The percentage of difference varies between composite
structure designs, and further specimens of this design would be needed to narrow down the
offset percent accurately.
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Additionally, since this value would put the theoretical values higher than that of the
experimental values, an additional factor is in effect. The internal mandrel has its own spring rate
of 18.2 N/cm that is contributed to the total as if the spring constants were calculated in parallel.
This amount helps overcome the amount that should be reduced from the woven to unidirectional
fiber difference, causing the experimental values to be very close to the predicted. With the
intent to not have a core in the center of the spring, the core's effects are noted, but not focused
upon for future concerns.

An additional contribution to the difference in spring rate is the excess resin layer that is external
on the springs. The mass of the excess resin was accounted for in fiber volume fraction
calculations, it could be cause to the comparable results. If the fiber volume fraction is higher in
the actual laminate and the excess resin is on top, this would mean that the stiffness would be
higher in the theoretical calculations possibly closing the gap between the values. The excess
resin layer could have another effect, which is changing the polar moment of inertia, J. When the
spring constant is calculated with Equation 8 including a hollow cross section, the outer wire
diameter, 𝑑𝑂 , can have drastic effects on the behavior of result.

6.2 Conclusions
A low-cost manufacturing method for composite coil springs is possible, utilizing rapid
prototyping to allow for fast and complicated spring designs to be produced. Utilizing a solid
internal mandrel, that remains in the spring, can be made of practically any material if it is not
porous. In addition to the low cost and fast manufacturing process being proven the springs were
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found to weight 73.13% less than steel equivalent, showing their effectiveness as a lightweight
alternative. While furthermore complete testing is required before full use. The behaviors of a
settling point with the springs after cycling, show that they reach a steady state and provide
consistent spring rate over their travel range. The weight savings that these provide could have a
large impact in the space industry, specifically launch platforms. With separation stages being
initiated with springs before thrusters are used, the carbon springs would allow for the weight
savings to be used as additional fuel or payload. Allowing additional payload to be delivered or
the initial payload to be delivered further than before.

The manufacturing method used and the springs themselves allow for a lighter alternative to steel
counterparts in aerospace and automotive applications. In the automotive industry the ability to
create the springs quickly allows for rapid set up changes in the competitive world of the
automotive world.

6.3 Future Work
Many improvements can be improved upon, this the concept of low-cost manufacturing and
further reducing the weight of the springs. A washout tooling can be printed instead of the nylon
that was used. If sealed properly to prevent resin from permitting it, the tooling could be
removed from the final product resulting in an even lighter final product. Additionally refining
the manufacturing process to reduce the amount of labor to produce one spring, is viable if a 3D
printed mold is produced and a mandrel is cast from it. Different materials can be used to
produce a mandrel but keeping a large temperature difference between the glass temperature of
the mold and the melting temp of the material being cast is important, as described in the
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manufacturing attempts. This could be solved using a wood’s metal, but then the resin systems
are restricted by temperature.

Additionally, to reduce the labor time, a premade sleeve with routing for resin would allow for a
resin infusion process to be used to get better fiber density ratio and reduce wasted resin cost
seen with the current method of production.
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